Annealing (at multiple cooling rates) and quenching (with tempering) was performed on specimens of cast steel of varying composition. The aim was to devise a method for selecting the steel with the highest permeability, from any given range of steels, and then increasing the permeability by heat treatment. Metallographic samples were imaged using optical microscopy to show the effect of the applied heat treatments on the microstructure. Commonly cast steels can have DC permeability altered by the careful selection of a heat treatment. Increases of up to 381% were achieved by annealing using a cooling rate of 6.0°C/min. Annealing was found to cause the carbon present in the steel to migrate from grain boundaries and from within ferrite crystals into adjacent pearlite crystals. The migration of the carbon resulted in less carbon at grain boundaries and within ferrite crystals reducing the number of pinning sites between magnetic domains. This gives rise to a higher permeability. Quenching then tempering was found to cause the formation of small ferrite crystals with the carbon content of the steel predominately held in the martensitic crystal structures. The results show that with any given range of steel compositions the highest baseline DC permeability will be found with the steel that has the highest iron content and the lowest carbon content. For the samples tested in this paper a cooling rate of 4.5°C/min resulted in the relative permeability of the sample with the highest baseline permeability, AS4, increasing from 783 to 1479 at 0.5 T. This paper shows how heat treatments commonly applied to hypoeutectoid cast steels, to improve their mechanical performance, can be used to also enhance electromagnetic properties of these alloys. The use of cast steels allows the creation of DC components for electrical machines not possible by the widely used method of stacking of electrical grade sheet steels.
Introduction
The use of cast steel components in the production of rotating electrical machines (REMs) is limited to machines that use direct current (DC) driven electromagnetic fields or permanent magnets as part of their magnetic structure.
The rotating element (rotor) of electrical machines typically sees DC fields for synchronous machines or relatively low frequency fields in case of asynchronous machines. The aim of this study is investigate the potential of using cast steel for rotors of synchronous (PM or fieldwound) machines.
The primary reason for not using solid elements for the stationary side of an electrical machine is the large circulating eddy currents [1] that would form in the low resistivity steel when alternating current (AC) driven electromagnetic fields are applied. This results in adverse heating which serves to reduce overall machine efficiency. Hence electrical machines typically use laminated electrical steel to mitigate circulating eddy currents.
Currently the main methodology to reduce eddy current losses in steel components is to increase the resistivity of the steel by alloying it with 1-6% silicon (Si), however the use of Si in cast steel results in a material with lower machinability [2] and hence cost of machine manufacture will be higher. To produce REMs with high silicon content steel, their production uses stamped laminates of silicon steel with an inter-layer coating which provides electrical insulation. These are stamped for high volume production but are laser or water-jet cut in smaller volumes [3] . The use of these coated silicon steels limits the size of circulating eddy currents whilst maximizing the iron (Fe) content of the finished part.
As understanding of the effects of impurities and domain microstructure on magnetic performance has developed, new production processes have been developed that produce steels with a microstruc-ture tailored to the role the REM is designed to carry out [4] [5] [6] [7] . These new production processes enable REMs to operate with greater efficiency meeting new European and global efficiency standards [8] .
The production of electrical grade sheet steels use continuous casting methods with particular focus being given to cooling rates and annealing atmosphere content [9] [10] [11] [12] [13] . To produce high quality electrical steels the atmospheric composition, pressure, and temperature of the production processes needs to be precisely controlled. The level of precision required is an order of magnitude above the precision required for the production of non-electrical grade steels and results in a significant increase in production costs.
Permeability, resistivity, magnetostriction, coercivity, remanence, saturation magnetization, and anisotropy are all considered when selecting a material for electromagnetic applications. Saturation magnetization and resistivity depend on material composition and operating temperature.
The remaining characteristics are dependent on composition, temperature, grain size, and strain [14] . This paper focuses on the manipulation of DC permeability by the use of heat treatments as it is the most important variable, in non-AC applications, to improve machine performance.
Carbon content has a direct effect on the steel's magnetic properties. The carbon content of all the steels tested for this paper was below 0.4% and therefore considered to be hypoeutectic. This paper builds upon prior work in this field to show how, given a range of cast steels, the steel best suited to DC magnetic applications can be selected. It goes on to show how the performance of the steel can be enhanced with the application of heat treatments.
Experimental
Twelve samples of commonly cast steels, to BS3100:1991 [14] , in the form of billets were produced. The composition of each billet is shown in Table 1 . Three 10 mm thick specimens were extracted from these for additional heat treatment and permeability measurements.
Permeability samples
To evaluate the permeability of the cast steels; a toroid (28 mm outer diameter x 20 mm inner diameter) was machined from each of the three 10 mm thick billet slices. To provide a baseline permeability for all the samples and remove any effects of prior heat treatments and machining [15] , the samples were placed into a furnace at 950°C for 20 min for normalization. The samples were removed from the furnace and allowed to cool in air. The samples then had 30 turns of 0.1 mm 2 wire wrapped around the circumference of the toroid, this formed the sensor coil. Another 30 turns of 1.0 mm 2 wire were wrapped on top of the sensor wire; this provided the source for the applied electromagnetic field. The coils were then connected to a test apparatus and a DC current was applied to the source coil. The effect of the applied magnetic field was detected by the sensor coil and the baseline permeability of the cast steel samples was calculated [15] .
Baseline permeability testing
Each of the three normalized toroids for each billet were tested three times non-sequentially. The three sets of results for each toroid were then averaged to give the permeability for each material. The average permeability for the three toroids from each billet was then averaged to produce an overall permeability for each of the cast steel billets. The uncertainty for the data was taken to be the range of the total of the nine data sets (for each billet).
Once the initial testing was completed, sample 1 from each billet was removed to be used as a control. The control sample remained in the normalized state until all the required heat treatments had been carried out on the two remaining samples. After all the required heat treatments had been carried out the heat treated samples were normalized in order to assess the effect of multiple heat treatments on baseline permeability.
Applying heat treatments
To carry out annealing and quenching heat treatments, samples 2 and 3 from each billet were heated above their upper critical temperature (Ac3), the point at which all ferrite has undergone a complete eutectoid transformation to austenite. The Ac3 temperature varies depending on carbon content and the quantities of impurities and alloying elements present, but can be taken as 900°C for steels with < 0.1% carbon decreasing to less than 800°C for steels with < 0.4% carbon. All the samples in this paper were between 0.1-0.4% carbon content therefore the use of 950°C as the heating temperature for the annealing and quenching process was deemed to be suitable.
Annealing
Sample 2 from each billet was annealed by placing in a furnace at 950°C for 20 min. When the heating cycle was completed the furnace was switched off and the cooling rate of the furnace was recorded using a thermocouple attached to a data logger. These samples had been annealed using the cooling rate of the furnace; providing the fastest annealing cooling rate of 6.33°C/min. Upon reaching room temperature the samples had their permeability tested, and the results plotted compared with normalized state testing.
Once tested the samples were returned to the furnace at 950°C for 20 min to return the microstructure to a pure austenitic state. The annealing process was then carried out at cooling rates of 3°C/min, Table 1 The composition of the 12 billets. There are two grades of steel, A2 and P310, which have duplicates but were produced in different foundries.
Sample number
Steel grade Impurities and alloying elements (% by weight) 4.5°C/min, and 6.0°C/min and the permeability tested after each applied heat treatment.
Quenching and tempering
Sample 3 from each billet was placed into the furnace and heated to 950°C for 20 min. These were immediately removed from the furnace and quenched in oil at room temperature (approx. 21°C). The furnace was cooled to 600°C and the samples returned to the furnace for 20 min to temper the steel. After tempering the samples were removed from the furnace and cooled in open air. These samples were also subject to permeability testing and the results were plotted against the results from before they were quenched. Fig. 1 is a schematic diagram of the complete testing procedure.
Optical microscopy
Optical imaging of the specimen microstructures was required in order to identify microstructure changes before and after the application of heat treatments. Cylinders 10 mm in diameter were machined from the remainder of the billet slices. These cylinders were normalized alongside the toroidal samples. After normalization sample 1 from each billet was set aside as a control, so an image of the crystal structure after normalization could be obtained.
The remaining two samples were given heat treatments at the same time as the toroids, and were used to compare the effects of heat treatments on crystal structure with that of the set aside normalized cylinder. Sample 2 from each billet was annealed at the cooling rate of the furnace (6.33°C/min) and sample 3 was quenched at the same time as the toroidal samples.
Grain sizing
In electrical steels the sizing of grains using software, such as the open source software ImageJ, is common practice and has good accuracy and reproducibility. The software works by converting an image into an 8-bit greyscale image, and then using a range of predeveloped algorithms turning the 8-bit image into a black and white image. This process works very well on steels that have very low carbon content (below 0.02 %wt) as the etchant used to image the crystal structure can be tailored to attack the carbon at the grain boundaries [16] . This method clearly shows the individual ferrite crystals. In higher carbon content steels (above 0.02 %wt) the crystal structure is a mixture of ferrite and pearlite. Pearlite is made of 88 %wt ferrite and 12 %wt cementite, cementite is made from 6.67% carbon and 93.3 %wt iron. Pearlite is formed of layers of ferrite separated by layers of cementite.
When a steel which contains pearlite is etched with the same etchant used for electrical steels the cementite is dissolved out of the pearlite resulting in the crystal structure becoming a mixture of the original large ferrite grains and smaller ferrite grains that had previously formed 88%wt of the pearlite. Imaging software cannot separate the two sources of ferrite so takes an average of the crystal sizes, resulting in an average ferrite grain size which is not accurate. By manually altering the images it is possible to exclude the smaller ferrite grains but the alteration also greatly increases the apparent size of the grain boundaries resulting in poor accuracy of the grain size measurement. The authors of this paper explored other techniques to image the samples, such as using a scanning electron microscope (SEM). Fig. 2a) shows the best optical image of all the samples under test. The grain boundaries are clearly visible, this image is the best image obtained for any of the steels under test so was selected to test the accuracy of ImageJ software ( Table 2 ). The SEM image Fig. 2b) shows the structure of the same sample shown in Fig. 2a) . The flat grey areas are ferrite whilst the areas with differing shades of grey are the laminar pearlite, no boundaries between ferrite crystals are visible. Table 2 shows that whilst the areas of the crystal structure covered by pearlite and ferrite changes, which is to be expected, the crystal sizes alters dramatically depending upon the magnification of the image. The scale settings in the software were recalibrated for each magnification, so the error is not in the scaling. The use of optical imaging and software is not therefore an accurate or reproducible method to size the grains of ferrite in a mixed ferrite and pearlite steel. Fig. 3a ) is an SEM image of an individual pearlite crystal, as well as the laminar structure of cementite and ferrite layers large ferrite crystal Fig. 1 . A summary of the permeability testing process used in this study. Fig. 2 . a) Optical image of pearlite at 50x magnification b) SEM image at 50x magnification. inclusions can also be seen in the pearlite grain. Fig. 3b) shows the laminar structure of the cementite and ferrite. If the cementite is removed during etching the ferrite inclusions and ferrite laminations are left behind and make determining an average crystal size subjective.
Neither optical nor SEM imaging is suitable for the grain size measurement of a pearlite/ferrite steel. Due to the number of samples for testing and the limitations of other methods of grain sizing this paper will infer grain size alteration through comparison of DC permeability with optical images but will not give absolute crystal sizes.
For the optical images in this paper the samples were prepared using standard polishing procedures, laid out in the ASTM standard E117 [17] , and etched using 2% Nital (4 ml Nitric acid, 96 ml ethanol), this etchant was chosen because it gives a good contrast between the principle crystal component for the samples, a mix of ferrite, pearlite and martensite [18] . Fig. 4 shows the B-H curve of the absolute permeability for each of the as cast steel samples. The variation between the samples is due to carbon content and the use of alloying elements to control crystal structure during normalization. The amounts of additives and impurities has considerable variation in the test samples as each of the steel grades are formulated to produce a given mechanical performance for its intended application.
Results and discussion
In order to be able to draw accurate analysis of the performance of heat treatments it is necessary to select a value of field strength or polarization and use that value as a comparison point across all the results. For this study the permeability will be quoted at 0.5 Tesla.
In Fig. 4 the absolute permeability for all the tested cast steel grades is shown along with a dotted black line to indicate the point at which the relative permeability (µr) for the samples will be calculated. Samples AS8 and AS11 do not cross the 0.5 tesla line so their permeability will be calculated from the highest polarization they achieved, in their normalized state which is 0.4493 T and 0.4428 T respectively. Fig. 5 shows the differences between the 12 sample's baseline permeability, at 0.5 T, along with error bars showing the uncertainty of the measurements. At this stage all the samples had been normalized, but no other heat treatments had been applied. Table 3 shows the four different annealing cooling rates and their effects on permeability. The 3.0°C/min cooling rate does not produce the best permeability for any of the steels under test. The 4.5°C/min cooling rate produces the best permeability for eight of the steel samples (AS1, AS2, AS3, AS4, AS5, AS6, AS7, and AS12). The 6.0°C/min cooling rate produces the best permeability for the remainder of the steel samples (AS8, AS9, AS10, and AS11). Table 3 shows the results for quenched and tempered samples with the percentage change when compared to the normalized relative permeability. Tempering has an effect on permeability but without tempering, after quenching, the cast component is too brittle for any further manufacturing processes to be carried out on it. Out of the 12 samples only seven showed an improvement with the heat treatment applied (AS1, AS2, AS3, AS5, AS8, AS11, and AS12). The permeability of the five remaining samples (AS4, AS6, AS7, AS9, and AS10) was reduced.
Comparisons at 0.5 T

Optical imaging
A selection of micrographs are presented here which show the crystal structures of samples that had the largest increase in permeability due to the applied heat treatments.
The first sample, AS4, has the highest permeability in the normalized state; the second, AS11, has the greatest increase after annealing; and the third sample, AS8, has the greatest improvement in permeability after quenching then tempering.
Sample AS4 has the highest permeability, in its normalized state, of any of the steel samples tested. In Fig. 6a ) the permeability of the sample is shown in three states: normalized, annealed, and quenched. Fig. 6a) shows that the permeability of the quenched sample is much lower than that of the normalized sample, and that the annealed sample has a much greater permeability than either the normalized or quenched samples. The crystal shown in Fig. 6b ) is visibility smaller than the annealed sample shown in Fig. 6c ) The annealed pearlite is darker than the normalized sample, which indicates that the laminar structure of the pearlite has changed from a coarse pearlite (Fig. 6b) to a fine pearlite (Fig. 6c) , which appears darker. Pearlite develops when the austenitic structure of a steel heated above its eutectoid temperature undergoes a eutectoid transformation during cooling. If a steel is cooled in air a coarse pearlite is formed. If the steel is cooled gradually, as happens during annealing, a fine pearlite is formed. Both forms of pearlite contain the same quantity of carbon in the form of cementite (Fe 3 C).
The ferrite crystals shown in Fig. 6b ) have small pearlite inclusions whereas the ferrite shown in Fig. 6c lack any pearlite inclusions. This indicates that the slow cooling during annealing has allowed the carbon contained in the ferrite crystals to migrate out of the ferrite crystal structure. The carbon migrating out of the ferrite joins with the existing pearlite crystals enlarging them, as can be seen in Fig. 6c . The migration of the pearlite from the ferrite results in an increase in permeability as the inclusions cause pinning sites within the ferrite crystals [19] . The quenched sample (Fig. 6d) has a very fine lathe martensitic structure. Martensite is a ferromagnetic phase in steel but has a lower permeability than ferrite due to the number of dislocations cause by the inability of the carbon to migrate out of the crystal structure during the rapid cooling. The tempering of the martensite allows some carbon migration, reducing the number of dislocations in the crystal structure, causing a slight increase in permeability in tempered martensite.
Sample AS11 has the second to lowest normalized permeability (Table 3) but has the best increase in performance once a heat treatment has been applied. In Fig. 7a ) the large increase in permeability is clear when the annealed sample is compared with the normalized or quenched samples. In the normalized sample (Fig. 7b ) the crystal structure is coarse pearlite with occasional large ferrite crystals. The large amount of small pearlite and ferrite crystals increases the number of grain boundaries reducing the sample's permeability. The crystal structure of the annealed sample (Fig. 7c) has much larger crystals of both ferrite and fine pearlite. The larger crystal size reduces the number of crystal boundaries, increasing the permeability of the sample. The annealed sample (Fig. 7b) has ferrite crystals that have no pearlite inclusions reducing the number of pinning sites in the ferrite crystal. The quenched sample (Fig. 7c) has a coarse lathe martensitic structure with occasional large ferrite crystals. When compared with the normalized sample (Fig. 7b ) the overall volume of ferrite has been increased. This increase in ferrite results in a slight improvement in permeability when compared with the normalized sample.
Sample AS8 has the lowest permeability in the normalized state (Table 3) of all the steel samples tested. Fig. 8a ) shows a comparison of permeability affected by the applied heat treatments. It shows that the largest improvement in performance is the result of the quenching and tempering heat treatment. The improvement in performance is modest with an increase from 137 to 325 at 0.5 T (Table 4) . Fig. 8b ) shows AS8 in its normalized state showing a mixture of pearlite and ferrite with very small grain size resulting in low permeability due to the large number of grain boundaries.
The ferrite also contains significant amounts of pearlite inclusions increasing pinning sites, reducing the permeability of the sample. After annealing the ferrite crystals are larger (Fig. 8c) this results in an improved permeability due to a reduction in grain boundaries. The larger ferrite crystals also contain fewer pearlite inclusions, reducing pinning sites. The crystal structure of Fig. 8d ) is similar to that of Fig. 8b ) but it contains larger ferrite crystals, with less inclusions, resulting in a larger permeability. The pearlite of Fig. 8b ) is replaced with martensite ( Fig. 8d ) which holds the carbon in solution within the martensite crystal structure stopping it from migrating out of the martensite and into the grain boundaries, further improving permeability.
Conclusions
The rate at which steel is cooled below the Ac1 temperature, the point at which austenite transforms to ferrite and pearlite, determines how the carbon is accommodated in the microstructure, and the crystal grain size. The finer (darker) pearlite contains the same amount of carbon as coarse pearlite. The presence of fine pearlite is an indication of gradual cooling which allows more time for carbon, held within ferrite crystals as pearlitic inclusions, to migrate out of the ferrite and join with adjacent pearlite crystals. Pearlite formation is the primary mechanism for reducing the amount of carbon present at grain boundaries and within ferrite crystals, which reduces pinning sites therefore increases permeability [18] .
The cooling rate also determines crystal size, the larger the individual crystals in the steel the fewer crystals present in a given volume. The larger crystals result in fewer grain boundaries meaning an increase in permeability [19] .
In their normalized state the steels tested have a large variation in the permeability, this is due to the additional alloying elements that are added to form a certain crystal structures as the steel cools. These alloying elements reduce the amount of iron in the steel which reduces the saturation magnetization of the finished components. This paper shows that by controlling the cooling rates both the crystal size, hence number of grain boundaries, and the amount of carbon at the grain boundaries themselves can be reduced. By selecting the heat treatment based on the composition of the steels alloying elements the permeability can be increased by up to 381%. Two sets of samples (AS5, AS8 and AS6, AS10) were produced to the same standard, BS3100:1991 [14] , but at different foundries. They showed a similar performance in both their baseline permeability and their response to heat treatments. The steel with the highest permeability in its normalized state was found to be sample AS4 (A1 grade) with a baseline permeability, at 0.5 T, of 750 with annealing at a cooling rate of 4.5°C/min the permeability of AS4 can be raised to around 1479 an increase of 89%.
If presented with a selection of steel compositions, the steel with the highest iron content and lowest carbon content will have the highest baseline performance. The increase in iron content alone does not result in the higher permeability, it is the reduction of alloying elements that causes the increased baseline permeability. It is also possible to increase the permeability of the steel significantly with an annealing heat treatment, the cooling rate required to produce the highest increase in DC permeability is difficult to predict due to the number of additives and impurities in steel produced for structural applications.
